We analyze the spectral properties of resonant transmission of light through a sub-wavelength slit in a metal film. We show that the enhanced transmission can be understood in terms of interfering surface-wave-like modes propagating in the slit. We characterize the effect of geometrical and material properties of the slit on the transmission spectrum. Furthermore, we show that the wavelength of the transmission resonance strongly depends on the surrounding medium. This effect may be utilized in sensors, imaging, and the detection of, e.g. biomolecules. 606-608 (1999). 16. M. M. Treacy, "Dynamical diffraction explanation of the anomalous transmission of light through metallic gratings," Phys.
Introduction
The optical properties of nano-structured metallic thin films have been studied extensively since the discovery of enhanced optical transmission through such a structure by Ebbesen et al. [1] . Later, it was observed that the enhanced transmission can occur for a wide variety of hole and slit structures [2] [3] [4] [5] . The enhanced transmission in arrays of slits or holes is explained to be due to the surface plasmon polaritons propagating on the film [6] [7] [8] [9] [10] , or the coupling of incident light into slit waveguide modes [7, [11] [12] [13] [14] , or it can be understood within the framework of dynamical diffraction theory [15, 16] . The difference between the transmission properties of holes and slits is discussed in Ref. [8] . When dealing with a single slit the resonant transmis- sion of light has been connected to Fabry-Pérot-like resonances [3, 17, 18] and a surface wave propagating within the slit [4] . The possibility to control the directionality of the transmitted light by corrugating the metal film has also been explored [18] [19] [20] as well as the influence of optical vortices on the enhancement of transmission [21, 22] . Nanostructured metallic films and their transmission properties are important for both fundamental studies of light-matter interaction and for developing photonic devices based on surface waves, particularly, on surface plasmons. Surface plasmons have shown great potential for applications in sub-wavelength optics with components such as reflectors and switches having already been demonstrated [23, 24] . In addition, the sensitivity of plasmon resonances on the surrounding environment has been exploited in various sensor [25] [26] [27] and imaging [28] applications. The resonances have also been made use of in surface-enhanced spectroscopy [29] .
In this paper, we calculate and analyze the transmission spectrum of p-polarized (transverse magnetic) light through a single sub-wavelength slit in a metal film. We employ a rigorous boundary-integral method [30] [31] [32] [33] [34] [35] , in which the optical response of the metal is modelled using a realistic wavelength-dependent refractive index. We show that the enhanced transmission can be understood in terms of interfering waveguide modes that propagate in the slit. Furthermore, we propose to use the transmission resonance of a single sub-wavelength slit as a sensor for detecting small changes in the refractive index of the surrounding medium. The sensor could be used, for instance, to detect biological molecules. By employing modern methods of microfabrication such a sensor could be integrated in different lab-on-chip applications.
The paper is organized as follows: in Section 2 the boundary-integral method is briefly outlined. The results of our calculations of the transmittance properties of the nanostructure are presented and discussed in Section 3, where the suitability of metallic sub-wavelength slits for sensor applications is also examined. The main conclusions are summarized in Section 4.
Boundary-integral method
The model geometry representing a metallic nanoslit is depicted in Fig. 1 . The structure, which consists of four distinct regions, is uniform in the z-direction and the medium in each region is assumed to be linear, homogeneous, and isotropic. A p-polarized monochromatic plane wave with wavevector k is normally incident on the structure from above (y > 0).
The electromagnetic field in a 2D geometry can be represented as a superposition of an spolarized (transverse electric, TE) and a p-polarized (transverse magnetic, TM) component. For the s-polarized wave, the single electric field component points in the z-direction whereas for the p-polarized wave a z-oriented magnetic field component is used. For both polarizations the electromagnetic field is governed by the 2D scalar Helmholtz equation
where ψ(r) denotes the (complex) amplitude of the electric (s polarization) or the magnetic field (p polarization). Further, k 0 = 2π/λ 0 is the wave number of the field of vacuum wavelength λ 0 , n is the refractive index of the medium, and r =(x, y). In this work we make use of a numerical procedure known as the boundary-integral method, to solve Eq. (1) in the arrangement of Fig. 1 . Below we briefly outline the method; for a more comprehensive presentation see, e.g., Refs. [30] [31] [32] [33] [34] [35] . The solution of the Helmholtz equation in each homogeneous region of the model geometry can be expressed as a boundary integral
where the region is labelled by l (l=1,2,3,4), andn denotes the outward unit vector normal to the curve s l , which encloses the region. The Green function G l (r, r ′ ), which satisfies the inhomogeneous 2D Helmholtz equation with a delta-function source term, is explicitly given by
where n l is the refractive index of region l and H (1) 0 is the zero-order Hankel function of the first kind, and r and r ′ refer to the field and source points, respectively.
None of the regions in the slit geometry is closed. However, to employ the boundaryintegral method, the domains must be closed. We therefore adopt the following procedures (see Ref. [32] ): The boundaries separating regions 1 and 2, (1 and 3) and regions 2 and 4 (3 and 4), are extended from x = −R (x =+R)tox = −∞ (x =+∞). Domains 2 and 3 are then closed with vertical segments at x = −∞ and x =+∞, respectively, and infinite semicircles are used to close domains 1 and 4. For points in region 1, the integral over the semicircle gives the incident field [32] , whereas the integral over the semicircle in region 4 vanishes due to the fact that the field is required to satisfy the Sommerfeld radiation condition.
Calculation of the field inside a closed region using the boundary-integral method requires the knowledge of the field and its normal derivative on the boundary. The boundary values are obtained by taking the limit of Eq. (2) as the field point r approaches the boundary. The Green function and its normal derivative are singular when the field and source point coincide. The singularity of the Green function is integrable, whereas its normal derivative is treated by deforming the contour with an arc of radius ε around the singular point and taking the limiting value as ε goes to zero (see e.g. Ref. [35] ). The boundaries in the interval −R ≤ x ≤ +R are then discretized and the boundary conditions for the electric and magnetic fields are employed to relate the field and its normal derivative for adjacent regions. Contributions from the upper boundaries for |x| > R are calculated numerically assuming that the field far away from the slit is the sum of normally incident and reflected plane waves. On the lower boundaries the field is assumed to be zero for |x| > R, which means that no power flows directly through the film. After the contributions from the extended upper boundaries are taken into account, the field and its normal derivative on the boundary are obtained by solving the ensuing matrix equation [32] . The field inside the closed region can then be calculated from Eq. (2). We note that in the case of p-polarized incident light, where the magnetic field is solved using the boundary-integral method, the electric field is obtained from the Maxwell equations. In the following section, we analyze the transmittance properties of p-polarized light through the slit. For this purpose, we use the following definition for the transmittance T [21] :
where S n , S Figure 2 shows the calculated transmittance spectrum of a 40 nm wide slit in a gold film with a thickness of 200 nm. The material in region 1 is air (n = 1.0) and in region 4 glass with refractive index n = 1.52, which is assumed to be constant for all wavelengths. For the refractive index of gold we use the values of Ref. [36] . Two resonance peaks are observed in the transmittance spectrum. In this work, we focus on characterizing the dependence of the main resonance at a wavelength of approximately 950 nm on various geometrical and material parameters. Our results will illustrate that the observed peak in the transmittance spectrum is a morphological resonance due to the excitation of a propagating TM mode in the metal slit. For s-polarized light, no resonances in the transmittance spectrum are observed in this case. This is in accordance with the fact that in two dimensional planar waveguide all TE modes have a finite cutoff unlike the lowest TM mode [37] .
Results
As a first step, in order to obtain insight into the nature of the transmittance resonances of sub-wavelength slits, we calculate the transmittance spectrum for three different film metals; Al, Au, and Ag. Figure 3 a metal film of 350 nm thickness on glass. The wavelength dependent values of the refractive index of aluminum are taken from Ref. [38] and those of silver and gold from Ref. [36] . In all three spectra of Fig. 3 one can clearly observe two distinct peaks, a smaller one at the visible wavelengths and a larger one in the infrared spectral region. At the stronger resonance the transmitted power through the slit is several times higher than the power that is incident on the slit. Moreover, the three transmittance spectra are all similar in shape indicating that the phenomenon leading to resonant transmission does not strongly depend on the properties of the metal, but is rather a geometrical effect. Our results show that as the skin depth of the metal increases (smallest for aluminum and largest for gold) the resonance peak is shifted to the red. The process leading to the resonance can be qualitatively understood by considering the slit as a planar waveguide. The lowest order transverse magnetic mode in the planar metallic waveguide has no cut off and is known to exhibit surface-wave-like behavior [37] . This waveguide mode is reflected at both ends of the slit and thus the slit acts like a resonator, for which the condition of the resonance is determined by the propagation constant of the mode. We have calculated the propagation constants of the waveguide mode as a function of the waveguide width and cladding material [37] . From this analysis, we observe that the losses for the waveguide mode are higher at visible frequencies than in the near-infrared spectral region, which accounts for the difference in the transmittance at the two resonances of Fig. 3 . Moreover, in a planar metallic waveguide the effective refractive index increases with increasing skin depth of the material. This is consistent with the observed red shift of the resonance wavelength λ 0 of the incident field, since the surface wave wavelength scales as λ = λ 0 /n eff , where n eff is the effective index of refraction.
To further study the origin of the resonances, we examine the intensity distribution (|E| 2 )of the field on resonance and off resonance. The field distributions were calculated for a slit width of 40 nm in a gold film with a thickness of 200 nm, and are shown in Figs. 4(a) and 4(b) , for the off-resonance (λ = 600 nm) and on-resonance (λ = 950 nm) case, respectively. The timeaveraged Poynting vectors are shown as arrows. One observes that in the off-resonance case the direction of the power flow on the edges above the metal film is away from the slit, whereas on the resonance the slit is a power sink. Furthermore, at resonance, the field is localized to the metal surface inside the slit which is not observed in the off-resonance case. This is particularly clearly seen in the insets of Fig. 4 , which show the cross-sections of the intensity distributions near the center (y ≈ 100 nm) of the slit. In the middle of the slit the intensity is fairly similar in the resonance and off-resonance cases. The differences in the intensity are localized within a distance of only 4 nm from the slit walls. These results further strengthen the hypothesis that the resonant transmission of a metal slit is due to the excitation of a waveguide mode with surface-wave characteristics. By changing the thickness of the metal film, we change the length of the resonant cavity and thus expect a corresponding shift in the spectral position of the resonance peaks. The transmittance spectra for a 40 nm wide slit in gold films of thicknesses 200 nm, 275 nm and 350 nm are presented in Fig. 5 . We observe the expected shift of the resonance peak towards longer wavelengths as the thickness of the film increases. In addition, the resonance peak becomes more pronounced as the losses of the waveguide mode decrease, as discussed earlier.
Next, we consider the effect of the slit width on the transmittance spectrum. In Fig. 6 are presented the transmittance spectra for slit widths of 100 nm, 50 nm, 25 nm, and 15 nm in a gold film of thickness 200 nm. It is seen that as the slit width is reduced, the resonance peak becomes significantly narrower. Furthermore, one notices that the transmittance increases and that the resonance peak shifts to the red with decreasing slit width. As the waveguide becomes narrower the real part of the propagation constant of the waveguide mode increases. This corresponds to a higher real part of the effective index of refraction, and thus to a longer optical length of the cavity, which explains the red shift of the resonance peak. Furthermore, as the real part of the effective index of refraction increases the reflectivity of the waveguide ends also increases. For decreasing slit widths, the finesse of the resonator therefore increases and the transmission resonances become markedly narrower. So far, we have analyzed the changes in the transmittance spectrum as a function of the film material and slit geometry. In order to find out the dependence of the transmittance resonance on the material in and above the slit (region 1 in Fig. 1 ) we fix the material and the geometry of the structure to a gold film with a thickness of 200 nm and a slit width of 15 nm. We have calculated the transmittance spectra for air (n = 1.0), water (n = 1.33), glass (n = 1.52), and oil (n = 1.56). The results are shown in Fig. 7 . As the refractive index of the slit medium increases, the resonance undergoes a significant red shift. As already pointed out, the losses of the waveguide mode in the visible spectral region are higher than in the near-infrared leading to much reduced resonances around λ = 500 nm and λ = 800 nm. In contrast to the dominating resonance, these minor transmission peaks at λ = 500 nm and λ = 800 nm shift much less as the index of refraction of the surrounding medium is increased. This observation can be understood based on the analysis of the planar waveguide propagation constant, which shows high dispersion at around λ = 500 nm, i.e., a small change in the wavelength leads to a large change in the propagation constant. Thus only a small shift in the wavelength is enough to satisfy the resonance condition for the different materials of Fig. 7 . The significant shift of the transmission resonance can be used to monitor changes in the surrounding medium. To quantify the sensitivity of the position of the resonance on the index of refraction of the slit material we have extracted the positions of the dominating resonance peaks as a function of the index of refraction. The results are shown in Fig. 8 . The positions of the peaks are obtained by fitting a Lorentzian profile to the resonance curves of Fig. 7 . As can be seen from Fig. 8 , the shift of the resonance peak scales linearly as a function of the refractive index of the material in the slit. This behavior shows the potential of the resonant metallic slit for sensor applications. Our results indicate that for the particular configuration considered here, a change of 0.01 in the index of refraction, would cause a change of 8 nm in the position of the resonance peak. This sensitivity compares favorably with sensors based on plasmon resonant silver nanoparticles [27] , for which a similar change results in a spectral shift on the order of 2 nm. Furthermore, the slit system can readily be optimized for a specific detection scheme by adjusting the geometry of the structure.
Conclusions
We have characterized the optical properties of a sub-wavelength slit in a metal film using a rigorous method to solve the scattering problem. In this work, we have employed experimentally determined material parameters to analyze the resonant transmission of light through the slit. The analysis shows that there exists a strong resonance in the transmission spectrum of the structure in the near-infrared spectral region. The calculations show that the transmission resonance is a geometric effect resulting from the constructive interference of waveguide modes propagating within the slit. The propagation constant of the mode depends only weakly on the dielectric constant of the metal so that the transmission properties of the structure are similar
